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ABSTRACT 
Wood-wool cement boards (WWCBs) that are manufactured commercially in Australia from radiata 
pine occasionally contain localized areas in which thcrc is poor bonding between wood and ccment. 
The cause of this defect, which lcads to the rejection of boards before they arc sold, is not known, 
but it has been suggested that it may be due to the use of blue-stained wood or heartwood in the 
manufacture of boards. In this study, both wood types were tested for their cffeets on the hydration 
of Portland ccment and thc mechanical properties of WWCBs. Blue-stained sapwood slightly rctarded 
thc hydration of ccmcnt but had no significant (P < 0.05) effect on the mechanical properties of 
hoards. In contrast, heartwood severely rctarded cement hydration, and boards made from heartwood 
had little structural integrity. Thc appearance of such boards resembled the defcctive portions of 
commercially produced boards, and therefore it can be concluded that the defect arises from the 
inhibitory effect of hcartwood on ccmcnt hydration. The problem could hc eliminated by proccssir~g 
logs from young radiata pine trees, less than 12-15 ycars old, which will contain little or no heartwood. 
Kevword~:  Pinus rudiuta, wood-wool ccment board, hcartwood, mechanical properties 
INTRODUCTION 
Wood-wool cement board (WWCB) is an in- 
organic-bonded panel product manufactured 
from strands of wood (excelsior) and Portland 
cement (Moslerni 1989). In Australia, WWCB 
was manufactured originally from black poplar 
(Populus euranzericana Lam. De Wit.) wood 
from plantations that were established for the 
Australian match industry; but radiata pine (Pi- 
nus radiata D. Don) wood obtained from forest 
thinning operations is now the preferred wood 
species (Woolley 1998). In general, radiata pine 
wood has proved to be an excellent raw ma- 
terial for the manufacture of WWCB, and the 
boards made from radiata pine are widely used 
t Membcr SWS'I: 
in Australia in non-structural applications such 
as ceiling panels and soundproofing barriers 
alongside highways. However, occasionally 
boards manufactured from radiata pine contain 
localized areas in which there is poor bonding 
between wood and cement. The cause of this 
defect, which leads to the rejection of boards 
before they are sold, is not known; but it has 
been suggested that it may be due to the use 
of heartwood or wood with severe blue-stain iin 
the manufacture of boards. 
There have been no reports of the effect of 
radiata pine heartwood on the properties olf 
WWCB, but abietic acid, which is one of a 
number of resin acids that constitute 7 1 % of ex.- 
tractives in radiata pine heartwood (Uprichard 
1991), has been shown to inhibit the setting of 
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cement (Miller and Moslerni 1991a). In addi- 
tion, previous studies have also shown that the 
heartwood of other Pinus species, for example 
loblolly pine (Pinus taeda L.) (Weatherwax and 
Tarkow 1964, 1967) and lodgepole pine (Pinus 
contorta Dougl. ex Loud.) (Miller and Moslemi 
199 lb), inhibits the setting of cement to a great- 
er extent than sapwood. The colonization of 
wood by blue-stain fungi has a positive effect 
on the compatibility of wood with cement (Da- 
vis 1966; Biblis and Lo 1968; Raczkowski et al. 
1983) because the fungi metabolize low molec- 
ular weight polysacch&ides that retard the set- 
ting of cement (Sandermann and Brendel 1956; 
Bruere 1966). In contrast, decayed wood, which 
contains sugars resulting from the enzymatic 
degradation of cellulose and henlicelluloses, 
strongly inhibits the setting of cement (Weath- 
erwax and Tarkow 1964, 1967; Simatupang 
1986; Meier 1990) 
The aim of this study was to determine 
whether the use of radiata pine heartwood or 
severely blue-stained sapwood could lead to 
the production of defective wood-wool cement 
boards and, secondly, if they do, to suggest 
practical solutions to eliminate the problem. 
MATERIIiLS AND METHODS 
Sampling und preparation of wood raw 
materials 
Heartwood and sapwood wood-wool was 
obtained from 14-year-old radiata pine trees 
growing in plantation at Hepburn Springs in 
Central Victoria. Trees were felled, debarked, 
and converted into ten billets 20-25 cm in di- 
ameter and 46 cm in length. Billets were air- 
dried for 9 months and converted into wood- 
wool, measuring 0.3 X 3 X 460 mm, using a 
van Elten shredder at WoodTex Pty Ltd in 
Bendigo, Victoria. Heartwood and sapwood 
wood-wool from each billet was separated 
during shredding and packed into separate 
bags. Further screening of heartwood and sap- 
wood, based on the color of the two wood 
types, was then undertaken to obtain samples 
containing only heartwood or only sapwood. 
Two batches of wood-wool severely affected 
by blue-stain fungi were also obtained from 
WoodTex Pty Ltd in Bendigo, Victoria. Wood- 
wool for extractive content and cement com- 
patibility testing was cut into short (2-3 cm) 
lengths using scissors and then placed in a 
conditioning room maintained at 20 2 1 "C and 
65 2 5% RH for 2 weeks. Wood-wool for the 
manufacture of experimental panels was sim- 
ilarly conditioned without cutting. 
Wood extraction and determination qf 
extractive content 
The extractive content of the wood-wool was 
determined as follows: 20-g samples of 
chopped heartwood and sapwood wool from 
each billet were ground separately to 10-mesh 
size using a Wiley mill; 3 g of the resulting 
wood flour was added to a preweighed oven- 
dry cellulose extraction thimble (Whatman 
brand 19 X 90 rnm), which was then imme- 
diately reweighed. This was placed in a 100- 
mL Soxhlet extraction apparatus and refluxed 
with 250 mL of ethanol (4), acetone (I), and 
toluene (1) for 4 h. After extraction the thimble 
was drained of excess solvent, oven-dried over- 
night at 105"C, and reweighed. Duplicate ex- 
tractive content determinations were undertak- 
en for each sample. The moisture content of 
air-dry samples was determined separately to 
enable calculation of extractive content on an 
oven-dry wood basis. Extracted heartwood 
wood-wool was also tested for its compatibility 
with cement. Extraction of wood-wool fol- 
lowed the procedure described above, except 
that 15 g of chopped wood-wool was placed in 
the Soxhlet extraction apparatus, rather than a 
cellulose extraction thimble, and the wood- 
wool was air-dried after removal from the 
Soxhlet. 
Measurement of wood-cement compatibility 
Duplicate samples of blue-stain-affected 
sapwood, extracted heartwood, and unextract- 
ed heartwood and sapwood from the ten billets 
were assessed for their compatibility with 
Portland cement using a method that measures 
the heat of hydration evolved by a mixture of 
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wood cement and water under standard con- 
ditions. Then 100 g of fresh, dry cement (Blue 
Circle Southern Brand, batch no. 131198) was 
placed in a sealable 'Dalgrip' polythene bag 
and evenly mixed with 41.5 g of distilled wa- 
ter at 20°C for 1 to 2 min to form a slurry. A 
5-g sample of wood-wool was then added and 
thoroughly mixed with the slurry. The cement 
controls (containing no wood) used 40 mL of 
water. Immediately after mixing the cement 
and wood, the tip of a temperature thermo- 
couple (Type J) was taped to the bag and en- 
closed within the body of the cement-wood 
mixture by folding and then securing the bag 
and contents around it. A cement hydration 
temperature measuring apparatus (Moslemi 
and Lim 1984; Irle and Simpson 1993) capa- 
ble of measuring the heat of hydration of six 
wood-cement mixtures over a 23-h period was 
used to record temperatures at 15-min inter- 
vals. The curves were smoothed by progres- 
sive averaging and plotting of every three 
readings. All experiments were undertaken in 
a conditioning room at 20 + I0C and 65 2 
5% RH. Previolus studies of the suitability of 
wood species 01- type for use in wood-cement 
composites have generally ranked them ac- 
cording to their effect on the maximum hy- 
dration temperature (T,,, ) attained by a wood- 
cement mixture (Sandermann et al. 1960; San- 
dermann and K.ohler 1964; Weatherwax and 
Tarkow 1964) or the time taken to reach T,,,,, 
(Weatherwax artd Tarkow 1964; Biblis and Lo 
1968). Hachmi et al. (1990) developed a 
wood-cement compatibility index (C,-factor) 
based on the ratio of the area under the hy- 
dration curve of a wood-cement mixture to 
that of a cemenl control, which they suggested 
was the best method of assessing the 'hydra- 
tion behavior of any lignocellulosic material 
with cement.' To enable our results to be com- 
pared with those of previous studies, T,,,,,, 
time taken to reach T,,,,, and C,-factor were 
calculated for each hydration sample, and hy- 
dration rate (T ,,,,, -T ,,,,, /Time) was also used as 
an additional quantitative index of wood-ce- 
ment compatibtlity. The T,,,,,, component of 
hydration rate was defined as the minimum 
temperature attained during the first 5 h of hy- 
dration. 
Manufacture of WWCBs and mechanical 
testing of boards 
WWCBs were made from heartwood and 
sapwood wood-wool obtained from each bil- 
let, i.e. 10 boards each for sapwood and heart- 
wood. Two boards were also made from the 
batches of blue-stained sapwood. A cement: 
wood ratio of just over 3:l was used in ac- 
cordance with commercial practice (Woolley 
1998). One-hundred-fifty g of wood and 5001 
g of cement (Blue Circle Southern Brand., 
batch no. 247MA98) were used for the man- 
ufacture of each board. The wood-wool was 
placed in a netted bag, which was momentar-. 
ily submerged in a bucket of clean tap water 
at 20°C before it was drained for 2 min. This 
imparted an average of 400 g of water to the: 
wood-wool. The wet wood-wool was placecl 
in a large plastic bowl, cement was progres-. 
sively sprinkled through it, and wood-wool1 
and cement were mixed by hand over a periocl 
of 10 min. 
The resulting quantity of cement-coatecl 
wood-wool was placed on a 12-mm-thick ply-. 
wood sheet within a hardwood frame that mea- 
sured 25 X 310 X 240 mm. A second plywoocl 
sheet was then placed on top of the frame ancl 
the resulting assembly was pre-pressed. Wood- 
wool and cement mixture for a second boarcl 
were prepared, and the first board assembly 
was removed from the press. A second frame 
was placed on top of the assembly, and the 
process of making the first board was then re- 
peated. A third plywood sheet was then placed 
on top of the second board, and the two boards 
were pressed using a PHI platen press (model 
no. PW220g-X4A) for 24 h at 140 kPa. The 
platens were manually closed using a lever-op- 
erated hydraulic oil pump. After 24 h, the 
boards were removed from the press, labelled, 
and placed in a conditioning room at 20 2 1°C; 
and 65 + 5% r.h. to cure for 28 days. This is 
the minimum time recommended for cement 
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~ < 0  0  I Statistical analysis 
Matched data sets for heartwood and sap- 
wood of each of the ten billets (T,,, , hydra- 
~ tion time, hydration rate, CA-factor, and board 
.- . - 
MOR) were compared by paired t-tests (one- 
tail, P 5 0.05 significance level). The data sets 
were checked for normality prior to statistical 
analysis. A least significant difference (LSD, 
P < 0.05) bar is included on the graph de- 
picting the mechanical properties of WWCBs 
in order to facilitate comparisons of means. 
Sapwood Ellue-stained Heartwood Commercial 
Sapwood 
Wood Type 
FIG. I .  Avcragc modulus of rupture (MOR) for 
WWCBs made from sapwood, blue-stained sapwood, and 
hcartwood compared lo MOR of a commercially manu- 
Lhctured board. 
type GP (formerly Type AIType 1) to reach its 
maximum strength. 
Two samples measuring 50 X 23 mm were 
cut from each board, and their dimensions 
(width and thickness) were recorded using Mi- 
tutoyo digital callipers. The modulus of rup- 
ture (MOR) of board samples was determined 
using a three-point bending cell attached to an 
H.T.E. (Hounsfield) testing machine using a 
span length of I00 mm, cross-head speed of 6 
mmlmin, and cross-head and bearer diameters 
of 5 mm. The results from the experimental 
boards were compared with measured MOR 
for two commercial WWCBs of the same ce- 
ment:wood ratio, density, and thickness. 
RESULTS AND DISCUSSION 
Cement compatibility and board mechanical 
properties 
Radiata pine sapwood was significantly 
(P < 0.001) more compatible with Portland 
cement than heartwood. Hence, T,,,,,, hydra- 
tion rate, and CA-factor (Table 1 )  were all sig- 
nificantly higher for sapwood than for heart- 
wood, and wood-cement mixtures containing 
sapwood reached their maximum hydration 
temperature more quickly than those contain- 
ing heartwood (Table 1). These results accord 
with previous studies that have shown that the 
heartwood of Pinus species inhibits the setting 
of cement to a greater extent than sapwood 
(Weatherwax and Tarkow 1964, 1967; Miller 
and Moslemi 1991 b). As expected, the aver- 
age extractive content of radiata pine heart- 
wood (4.3%) was greater than that of sapwood 
(1.2%), although there was considerable vari- 
ation in the extractive content of heartwood 
wood-wool samples obtained from different 
billets, ranging from 1.2% to 8.8%. Removal 
of heartwood extractives resulted in consider- 
able improvement in the compatibility of the 
wood-wool with cement (Table 1). 
TAHI. I~  I .  A~,et.rrge c.rtnrtlt cornptrtihilitv indices arzd extractive c,ontmt.s for sapwood, heariwood, ond blue-stained 
.sclpw~ood. 
Tr,,,3x ( "C)  Time (h) Hydration rate ("Clh) Ch-Tactol. ( 7 c )  Extractive content ( ? ' I  
Sapwood 50.7 (2. I)* 10.9 (0.6) 2.25 (0.25) 89.5 (7.6) 1.2 (0.4) 
Heartwood 43.8 (3.0) 13.9 (1.2) 1.36 (0.3 1 ) 72.0 ( 1  1.8) 4.3 (2.7) 
Bluc-stained sapwood 42.0 (4.5) 10.7 (0.7) 1.79 (0.03) 70.7 (14.7) - 
Extracted heartwood 48.0 (0.8) 12.5 (0.1) 1.70 (0.04) 86.4 (1.3) - 
Neat cemcnr 55.5 (0.4) 9.2 (0.2) 2.63 (0.03) 100 (0.0) - 
' Slnrrcln~d dc\,~:it~on In palcnthe\e\. 
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FIG. 2. Appearance of experimental WWCBs made from sapwood or heartwood wood-wool comparcd to  a com- 
mercially produced board. 
Results in Table 1 suggest that blue-stained 
wood was less compatible with cement than sap- 
wood, in contrast to previous studies that have 
found that blue--stained wood has a positive ef- 
fect on the setting of cement (Davis 1966; Biblis 
and Lo 1968; Raczkowski et al. 1983). The 
blue-stained wood tested here was obtained 
from radiata pine billets that had been stored 
outside for 9 months. It is possible that during 
this prolonged storage period the billets were 
colonized by decay fungi as well as blue-stain 
fungi. Since decayed wood strongly inhibits the 
setting of cement (Weatherwax and Tarkow 
1964), thls may explain why the blue-stained 
wood tested here inhibited rather than acceler- 
ated cement hydration. In accord with this sug- 
gestion, Meier (1990) noted that the beneficial 
effects of long-term storage of wood on cement 
hydration may sometimes be masked by attaclk 
of the wood by decay fungi. 
Differences in the properties of' boards 
containing sapwood or heartwood were ap- 
parent during the process of manufacturing 
them. Boards made from sapwood were dr:y 
and stiff as soon as they were removed fronn 
the press, whereas those made from heart- 
wood were damp and spongy. Boards made 
from radiata pine heartwood were signifi- 
cantly (P < 0.05) weaker in bending than 
those made from sapwood or blue-stained 
sapwood (Fig. 1). The MOR of boards man- 
ufactured from blue-stained sapwood, which 
was obtained by testing four samples cult 
from two boards, was slightly lower, but not 
statistically different (P > 0.05) from that olf 
boards made from sapwood. The MOR alf 
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Frc;. 3. Appearance of an experimental WWCB made from heartwood compared lo a defective portion from a 
commercial panel showing poorly bonded wood strands and cement. 
boards made from blue-stained sapwood was 
higher, but not statistically different from the 
average MOR of the commercial board sam- 
ples (2 MPa). 
The results of this study clearly show that 
radiata pine heartwood inhibits cement hy- 
dration and is highly unsuitable for the man- 
ufacture of WWCB. The appearance of the 
WWCB specimens manufactured from radia- 
ta pine heartwood (Fig. 2) bears a strong re- 
semblance to the defect (Fig. 3) character- 
ized by poor bonding between wood and ce- 
ment that is occasionally found in commer- 
cially produced WWCBs made from radiata 
pine. 
Radiata pine heartwood extractives are 
composed of resin acids (7 1 %), fatty acid es- 
ters ( I  I%), fatty acids (2%), phenols (6%), 
and unsaponifiables (10%) (Uprichard 1991). 
Resin acids and fatty acid esters have been 
shown to interfere with the hydration of ce- 
ment and reduce bonding between cement and 
wood (Steward 1986; Miller and Moslemi 
1991a). Furthermore, the heartwoods of lob- 
lolly and lodgepole pine, which contain simi- 
lar types of extractives to those found in ra- 
diata pine heartwood (Erdtman 1952), also in- 
hibit the setting of cement to a greater extent 
than sapwood (Weatherwax and Tarkow 1964, 
1 967; Miller and Moslemi 199 1 b). Therefore 
it can be concluded that the defect in com- 
mercially produced radiata pine WWCB, 
which is characterized by poor bonding be- 
tween wood and cement and leads to the re- 
jection of boards at the plant level, is caused 
largely by the inhibitory effects of heartwood 
on cement hydration. 
Minimizing the effects of heartwood 
Heartwood usually begins to form in radiata 
pine between 12 and 15 years of age (Bamber 
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and Burley 1983), and there is a strong neg- 
ative correlation between growth rate and site 
productivity and heartwood volume (Bamber 
1976; Hillis 1087). In order to minimize any 
deleterious effects of radiata pine heartwood 
on the properties of WWCB, wood from fast- 
grown young trees (< 15 years old) should be 
used for the manufacture of WWCBs. If ra- 
diata pine wood for use by WWCB plants is 
derived from forest thinning operations, care 
should be taken to ensure that first thinnings 
(< 15 years) are used as these generally con- 
tain little or no heartwood. In contrast, logs 
from long-delayed first thinnings (past 15 
years) and lateir thinning operations should not 
be used for the manufacture of WWCB as they 
will contain cclnsiderably more heartwood. 
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